1. Introduction The Super-Kamiokande-Gadolinium (SK-Gd) project is a new experiment where 0.2% gadolinium sulfate octahydrate (Gd 2 (SO 4 ) 3 ·8H 2 O) (Ref. [1] ) will be loaded into the Super-Kamiokande water Cherenkov detector (Ref. [2] ). One of the main physics targets of SK-Gd is to discover supernova relic neutrinos and study star formation of the universe (Ref. [3] ). Measurements of solar neutrinos with a low energy threshold of ∼3.5 MeV (Ref. [4] ) will be continued in SK-Gd therefore the several radio-impurities, 226 Ra, 238 U, and 232 Th, in Gd 2 (SO 4 ) 3 ·8H 2 O, should be minimized before loading into SK. The measurement of 226 Ra is focused on in this letter, and see Ref. [5] for 238 U and 232 Th in more detail. The maximum allowed level of 226 Ra in Gd 2 (SO 4 ) 3 ·8H 2 O for the solar neutrino analysis should be 0.5 mBq( 226 Ra)/kg(Gd 2 (SO 4 ) 3 ·8H 2 O) (Ref. [6] ). This value was evaluated by comparing the energy spectrum of the solar neutrinos with β-ray from 214 Bi, which is the daughter of 226 Ra, around the energy threshold at 3.5 MeV. For SK-Gd, high-purity germanium (HPGe) detectors are used to determine such a low concentration of 226 Ra in Gd 2 (SO 4 ) 3 ·8H 2 O. The HPGe detectors are widely used for the radioactive measurement thanks to their high energy resolution, ability to identify radioactive isotopes and easy sample preparation. However, the amount of the sample is generally limited by the size of the sample room of the HPGe. This leads the limitation of the detector efficiency of the HPGe detector. For SK-Gd, although using the HPGe detectors with large sample room, the maximum amount of Gd 2 (SO 4 ) 3 ·8H 2 O is 5 kg. Therefore, in spite of using the sensitive HPGe detector with large sample space, it takes about one month to achieve the precision level of 0.5 mBq/kg of 226 Ra. In order to solve this problem, the chemical extraction is often used to concentrate radioactivities to the smaller volume sample. For example, the authors in Ref. [7] used the molecular recognition resin named "AnaLig-Sr01", which is the product of IBC Advanced Technologies (Ref.
[8]), and determined the concentration of 226 Ra included in rocks or building materials with the range of 5.2 to 165.0 Bq/kg. Since the ion radii and chemical features are very similar among strontium (Sr), radium (Ra), and barium (Ba), the resin can adsorbs not only Sr but also Ra and Ba. As shown in (Ref. [7, 9] ), Ba is often used to monitor the recovery rate of Ra (generally called "recovery monitor").
The chemical extraction also has another benefits on the HPGe detector measurement. In general, the sensitivity of the HPGe detector highly depends on the detection efficiency related to the geometry of a Ge crystal, the sample geometry, and material due to the detector acceptance and the shielding of the samples themselves. Figure 1 shows the sample size dependence of the detection efficiency for gamma ray with energy of 352 keV evaluated by the Monte Carlo simulation based on Geant4 (Ref. [10] ). If Ra in 500 g of Gd 2 (SO 4 ) 3 ·8H 2 O, which corresponds to 440 cm 3 , is concentrated to 2.0 g less than 1 cm 3 ) of the resin, the detection efficiency would be improved by a factor of five and shorter measurement period would be expected.
The authors in Ref. [7] used the column method for the chemical extraction. However, the amount of the sample is limited by the volume of the column. In our case, the maximum allowed level of 226 Ra is 0.5 mBq/kg, which is four orders lower than the concentration range in Ref. [7] . In order to deal with larger amounts of the sample and enhance the concentration rate, a new chemical extraction of Ra from Gd 2 (SO 4 ) 3 ·8H 2 O using batch method was developed.
Chemical equipment
The molecular recognition resin used for this study was "AnaLig Ra-01", which is a commercially available product of IBC Advanced Technologies (Ref.
[8]). It is in the same series as "AnaLig Sr-01", but has stronger retention for Ra. This resin is made of crown ethel bedded on silica support and strongly retains ions with particular ion radii. The resin is used for the extraction of radium (Ra) from interfering substances (Gd 2 (SO 4 ) 3 ·8H 2 O in this study) and the adsorptivity of Ra with the resin does not depend on pH. While Ra can be eluted from the resin using ethylenediaminetetraacetic acid (EDTA) solution with pH of ∼11.
In order to produce solutions with low contamination, ultra-pure SK water (Ref. [2] ) was used for this study. Electronic (EL) grade of 70% nitric acid (HNO 3 ) (Wako Pure Chemical Industries Ltd., Ref. [11] ) was also used to wash the resin and efficiently dissolve O produced by doping hot spring water (∼0.5 Bq/L) was used.
As described in the previous section, Ba has very similar chemical feature and ionic radius with those of Ra, thus, Ba is often used as a recovery monitor of the Ra analysis. 1000 mg L −1 Ba of standard solution (Merck Ltd. Ref. [12] ) was used for this study.
The inductively coupled plasma-mass spectrometry (ICP-MS) "Agilent 7900" (Ref.
[13]) was used to measure the concentration of Ba to estimate the recovery rate of 226 Ra. Typical performance of this ICP-MS is described in Ref. [5] .
3. High-purity germanium detector The HPGe detector used for this analysis was a coaxial p-type HPGe crystal manufactured by CANBERRA France (Ref. [14] ) The dimension of the sample chamber was 23 × 23 × 48 cm. The HPGe detector was located at the center of the sample chamber.
The size of the sample space is large so that Ra with or without extraction procedure can directly be compared with each other. For a 500 g sample without Ra extraction, the procedure used was to put the sample in a polytetrafluoroethylene (PTFE) bottle with 70 mm diameter and 115 mm height. For the resin samples with the extraction procedure, samples were enveloped by a filter paper and concentrated to a small geometry (20 mm × 20 mm × 2 mm). Figure 3 shows the picture of this sample measurement. As shown in the 3/7 figure, the samples measured by the HPGe detector were covered by an ethylene-vinyl-alcohol (EVOH) bag so that Rn from samples could not penetrate.
The concentration of 226 Ra was evaluated using the characteristic γ-lines of 214 Pb (609 keV) and 214 Bi (352 keV and 1764 keV) with consideration of their branching ratios and detection efficiencies. The detection efficiency was evaluated by the Monte Carlo study. For example, the detection efficiency of 352 keV gamma ray originating from 214 Pb, which is the daughter nuclei of 226 Ra were found to be 1.7% for 500 g of Gd 2 (SO 4 ) 3 ·8H 2 O. On the other hand, the detection efficiency of 352 keV gamma ray for the Ra extracted and concentrated sample to 2.0 g of the resin, was evaluated to be 10.5% due to the smaller volume of the sample. The procedures and results of the measurement are discussed in the following section. 226 Ra from Gd 2 (SO 4 ) 3 ·8H 2 O using batch method Initially 10 g of the resin was soaked in 50 mL of 0.1 mol L −1 HNO 3 solution for one hour for prewash. After this procedure, the resin was washed with the ultra-pure SK water. Then, the resin was soaked in 50 mL of 0.05 mol L −1 Na 2 H 2 EDTA solution with pH of ∼11 for one night, and washed with the ultra-pure SK water. The contamination of 226 Ra in the resin was measured using the HPGe detector; the values before and after prewash were 2.56±0.34 mBq ( 226 Ra)/10 g (resin) and 0.80±0.18 mBq ( 226 Ra)/10 g (resin), with measurement period of 6.8 and 9.2 days, respectively.
Procedure of extraction for
An amount of 2.0 g of the prewashed resin was charged into the column with an inside diameter of 9 mm, and washed with 40 mL of 0.05 mol L −1 Na 2 H 2 EDTA solution and 20 mL of the ultra-pure SK water. A beaker with a volume of 5 L, was washed using 10% HNO 3 solution and the ultra-pure SK water. 100 g of Gd 2 (SO 4 ) 3 ·8H 2 O was dissolved in 900 g of 10% HNO 3 solution, namely which corresponds to 1 kg of 10% Gd 2 (SO 4 ) 3 ·8H 2 O solution. The amount of 5.0×10 −5 g of Ba was also added into this solution as a recovery monitor (concentration of 5.0×10 −8 g g −1 in the solution). The washed resin and the solution were loaded into the beaker and stirred using a magnetic stirrer for one hour. During this stirring procedure, 226 Ra and Ba were adsorbed in the resin.
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The solution including the resin was filtrated, and the resin was collected and packed into the EVOH bag, and measured using the HPGe detector. Figure 3 shows the energy spectra around the interested peaks. The concentration of remaining Ba in the solution after the batch procedure was measured using the ICP-MS. In order to reduce matrix effects from Gd (see Ref. [5] in more details), the solution was diluted by a factor of 1000. 
5.
Results of the batch study At first, the adsorptivity of 226 Ra for the resin in the batch procedure was studied using two 5.0×10 −8 g g −1 Ba solutions, with or without Gd 2 (SO 4 ) 3 ·8H 2 O. The solution was sampled every twenty minutes and the concentration of Ba was measured using the ICP-MS. Figure 4 shows the results of this study. For the batch study, more than twenty minutes of stirring should be performed for high adsorptivity. At sixty minutes of stirring, 74±9% of Ba was recovered from the solution without Gd 2 (SO 4 ) 3 ·8H 2 O. While 81±5% of Ba could be extracted from 10% Gd 2 (SO 4 ) 3 ·8H 2 O solution. From this study, the interference from Gd 2 (SO 4 ) 3 ·8H 2 O to the retention of the resin was not seen in the batch procedure. Stability of the recovery rate was also studied by ten times repeatation of the batch procedure using 1.0×10 −9 g g −1 Ba solution. The recovery rate was stable in all batch procedures with variation of < 5%.
Next, 500 g of the Gd 2 (SO 4 ) 3 ·8H 2 O powder was directly measured using the HPGe detector for the reference value. The measurement was performed for 9.3 days, and the concentration of 226 Ra in the Gd 2 (SO 4 ) 3 ·8H 2 O was estimated to be 2.8 +1.2 −0.9 mBq (5.6 +2.4 −1.8 mBq/kg). Finally, 226 Ra in 100 g and 300 g of Gd 2 (SO 4 ) 3 ·8H 2 O was extracted using the resin. The concentration of the extracted 226 Ra by the resin was evaluated using the HPGe detector. For the procedure blank, the batch procedure with 900 g of 10% HNO 3 solution without Gd 2 (SO 4 ) 3 ·8H 2 O was also performed. Table 1 shows the summary of the measurements. By taking the average of the values for a period of sixty minutes in Figure 4 and Table 1 , the averaged recovery rate of Ba was estimated to be 81±4(RMS)%. The uncertainties of the estimated concentration for 226 Ra 5/7 mainly came from the calibration of the HPGe detector (+30% or −10%) and statistics. Comparing the 100 g, 300 g, and 500 g of samples with or without the chemical extraction, the converted concentration of Ra with unit of mBq/100 g (Gd 2 (SO 4 ) 3 ·8H 2 O) in Table 1 are consistent with each other. This indicates that the concentration of Ra can be evaluated using the resin with correction of the recovery rate of Ba. developed using the molecular recognition resin "AnaLig-Ra01". Using the developed batch method, 226 Ra could be extracted from Gd 2 (SO 4 ) 3 ·8H 2 O and concentrated to the resin with a recovery rate of 81±4%. The result of the measurement with or without the batch procedure were consistent with each other within the uncertainties. For SK-Gd, the maximum allowed level of 226 Ra in Gd 2 (SO 4 ) 3 ·8H 2 O is 0.5 mBq/kg, which is an order lower than the sample used in this study. Therefore, more than 1 kg of the purer Gd 2 (SO 4 ) 3 ·8H 2 O should be concentrated by repeat of the procedure to maximize the concentration rate and the sensitivity of the HPGe. For example, if the developed batch method was performed to 1 kg of Gd 2 (SO 4 ) 3 ·8H 2 O with the concentration of 0.5 mBq (Ra)/kg, this situation would correspond to the sample with 100 g of hot spring water doped Gd 2 (SO 4 ) 3 ·8H 2 O as shown in Table 1 .
